Background. New hepatitis C virus (HCV) treatments deliver higher cure rates with fewer contraindications, increasing demand for treatment and healthcare costs. The cost-effectiveness of new treatments is unknown.
In 2012, the US Centers for Disease Control and Prevention (CDC) recommended that Americans born during 1945-1965 receive a 1-time antibody test to identify hepatitis C virus (HCV) infection (birth-cohort testing) [1] [2] [3] . In 2013, this recommendation was affirmed by the United States Preventive Services Task Force citing the large health benefits of birth-cohort testing predicted by modeling studies [2] [3] [4] [5] [6] . From 2011 to 2013, at least 6 published studies found HCV testing and treatment to be cost-effectiveness, using different parameters and assumption [2, 4, [6] [7] [8] [9] . Adjusting the aggregate results from these studies into per person incremental costs and quality-adjusted life-years (QALYs) allows for the visual comparison of their results ( Figure 1 ).
Since publication of the birth-cohort testing recommendations, new highly effective drugs have been released, and clinical treatment recommendations have been updated to incorporate their use [10] . In this article, we modified a previously published model of the costeffectiveness of birth-cohort testing to assess the costeffectiveness, financial impacts, and health benefits of birth-cohort testing using new treatments under the assumption of broad population-based implementation [2] .
METHODS

Decision Analytic Model
We programmed (Microsoft Visual Studio 2010, Redmond, Washington) a Monte Carlo simulation model of the natural history of hepatitis C with antibody prevalence estimates stratified by age, gender, race/ethnicity, and history of injecting drugs. The model's natural history, validation, and economic parameters have been previously described, and revisions to the model's parameters are included in Tables 1 and 2 and technical documentation [2, 52] . Compared to previous versions, the model's structure now assumes that a sustained viral response (SVR) results in a reduced risk of hepatocellular carcinoma (HCC) instead of risk elimination. Additional information is included in the technical report, available as Supplementary materials.
Model Cohorts
We modeled the US population aged 20 or older, totaling 229 185 985 in 2012 [62] . We stratified the population based on age, sex, and lifetime risk of injecting drugs [63] . We further stratified these cohorts into those with and without antibody to HCV (based on year of birth), and those with antibodies into those with chronic (78%) and cleared (22%) infections [64] . We assumed 25% of chronically infected patients were not interested in treatment or were not reachable by the healthcare system and assumed the remainder would be offered testing [35, 36, 40, 65] .
We estimated starting fibrosis rates using data from biopsy results of newly diagnosed patients observed in the retrospective component of the Birth-cohort Evaluation to Advance Screening and Testing for Hepatitis C (BEST-C) study [66] . We used census life tables to calculate the annual probability of mortality from nonhepatic causes and assigned a relative risk of mortality of 1.42 for individuals who reported ever injecting drugs [2, 67] .
Screening and Treatment Scenarios
For the purpose of our simulation, we assumed that 18.5% of those outside the 1945 to 1965 birth-cohort would be offered testing and that 100% of those in the birth-cohort would be offered testing if they could be reached through the health system. Of those who accepted testing and tested positive for HCV RNA, we compared the cost-effectiveness and health impacts of 5 treatment alternatives: (1) No treatment (NT); (2) Pegylated interferon and ribavirin (PR) for 48 weeks for genotypes 1 and 4, and for 24 weeks for genotypes 2 and 3; (3) PR for 24 weeks plus an additional protease inhibitor (PRPI) for 12 weeks for genotypes 1 and 4 or PR for 24 weeks for genotypes 2 and 3; (4) PR plus Sofosbuvir (PRS) for 12 weeks for genotypes 1 and 4, Sofosbuvir plus ribavirin (SR) for 12 weeks for genotype 2, and SR for 24 weeks for genotype 3; or (5) Simeprevir and Sofosbuvir (SS) for 12 weeks for genotypes 1 and 4, SR for 12 weeks for genotype 2, and SR for 24 weeks for genotype 3. We assumed all treatments occurred in the first year of the simulation. These treatments are consistent with those evaluated by major medical societies in creating their HCV treatment guidelines [10] . Although guidelines discourage the use of older line treatments, we include them to facilitate comparisons with other studies. We also separately report preliminary incremental cost-effectiveness ratio (ICER) estimates for interferon-free combination of ledipasvir and sofosbuvir and the drugs in viekira pak, which were approved after initial submission of this article.
Screening, Contraindication, and Antiviral Initiation
We assumed that 91% of those offered testing would accept and 90% of those who tested positive would receive their result and be evaluated for treatment [37] . To estimate the proportion of patients who would receive treatment we conducted a meta-analysis of rates of treatment found across 12 published studies of community treatment of patients with HCV infection only [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] . We estimated the proportion who would be treated with pegylated interferon based treatments (0.242) and its credible interval (0.228-0.251) using Monte Carlo Markov Chain (MCMC) simulation methods programmed with Proc MCMC of the SAS 9.2 Software (SAS Institute, Cary, North Carolina) [68] . We also estimated the proportion of persons who would be treated (0.719) with nonpegylated interferon-based treatments and its credible interval (0.66-0.77).
Effectiveness, Cost, and Benefit of Antiviral Therapy
Older forms of treatment have exhibited lower rates of real world effectiveness and cost than in clinical trial data, but real-world data are not yet available for newer treatments. To enable equivalent comparisons we used clinical trial estimates of efficacy and published package estimates of cost for all treatments. The benefit of successful treatment was an SVR that varied with treatment type and virus genotype. For pegylated interferon based treatments, we also assumed a quality adjusted Figure 1 . Estimated incremental change in per person costs and per person quality-adjusted life-years estimated across 9 published scenarios that tested population hepatitis C virus testing followed by treatment. Abbreviations: PR, pegylated interferon and ribavirin; QALY, qualityadjusted life-year. We assumed an SVR eliminated fibrosis progression associated with chronic HCV infection. For patients with cirrhosis, we assumed an SVR was also associated with a relative risk of HCC of 0.24 [34] .
Testing and Medical Treatment Costs
We set the cost of testing via routine risk-based assessments to $24.65 per person tested, equal to the incremental costs of testing using an electronic health record prompt system in an unpublished CDC study. Diagnosed patients who did not undergo antiviral therapy or achieve an SVR were assumed to receive HCV-related medical management, with costs per stage estimated as the average costs used across seven previously published cost-effectiveness studies [2, 4, [6] [7] [8] [9] 53] . Patients who achieved an SVR accrued annual monitoring costs. Nontreatment clinical management increased costs without increasing benefits.
Utility Losses
Uninfected persons were assigned annual QALY values that decreased with age to account for other health conditions [69] . For persons with HCV, we collected utility losses from 5 studies across 7 HCV states: SVR, METAVIR 0-1, METAVIR 2-3, compensated cirrhosis, DCC, HCC, and post-liver transplant then summarized the scores as reported elsewhere [2, [69] [70] [71] [72] [73] [74] . Annual QALYs for patients on pegylated interferon-based therapy were multiplied by 0.85 adjusting for treatment duration [13] .
Simulation, Outcomes, and Sensitivity Analysis
We estimated medical outcomes, costs, and QALYs associated with each scenario accounting for uncertainty in each of the model's key parameters using probabilistic sensitivity analysis, reporting the mean and the empirical 95% credible interval for each outcome. We estimated the ICER for routine and birth-cohort testing combined followed by each treatment scenario as compared to the next most costly alternative. For PRS/SR and for SS/SR, we estimated the ICER of immediate treatment compared to no treatment (NT; scenario 1) for people in METAVIR stages F0, F1, F2, F3, and F4. For PRS/SR compared to PRPI and for SS/SR compared to PRS/SR we tested the univariate sensitivity of the ICER to uncertainty in the model's key parameters by evaluating results based on the upper and lower bounds of the 95% confidence interval of each parameter included in Tables 1 and 2 . We estimated the cost of treatment for SS/SR at which the ICER was equal to $50 000 per QALY gained compared to PRS/SR and compared to NT. Compared to NT, we estimated the treatment cost at which the ICER of PRS/SR and SS/SR was equal to $50 000 per QALY gained for patients treated at stages F0 and F1.
For all patients, we estimated the cost-effectiveness of SS/SR compared to PRS/SR and to NT when the cost of SS was set to the list price of Viekira Pak ($83 319) and the list price of Harvoni ($94 500). We provide only limited results for these scenarios, because these treatments were released during this manuscript's review process.
RESULTS
Of the 229.2 million Americans aged ≥20 years in 2012, we estimated 3.7 million were antibody positive for HCV, 2.9 million were chronically infected, and that 1.5 million would be identified through testing prior to the development of endstage liver disease or death from other causes. With no testing or treatment (scenario 1), we estimated that 1.18 million of those chronically infected (41.1%) would develop DCC or HCC and die in those states prior to model termination at age 100 (Table 3 ). For comparison to other studies, the model's 45-year mortality rate was 18.7% assuming age of infection of 25 years and a starting fibrosis state of F0. With no testing or treatment, currently infected patients were expected to generate $100.3 billion in discounted hepatitis C medical costs during their lifetimes.
The Health Benefits and Cost Impacts of Treatment Scenarios
With testing and PR treatment (scenario 2), 356 657 patients were treated of whom 156 880 achieved an SVR reducing the number of HCV-associated deaths from 1 181 554 to 1 131 638, a reduction of 49 916 deaths compared to NT. Compared to NT, testing followed by PR treatment increased QALYs by 306 537 and medical costs by $18. 
Incremental Cost-effectiveness
The ICER of PR vs NT was $59 792 per QALY gained (Table 3) . 
SENSITIVITY ANALYSES
Compared to NT, the ICER of both PRS/SR and SS/SR was sensitive to the fibrosis stage at the time of treatment, from $173 800 per QALY gained for SS/SR at stage F0 to $13 000 per QALY gained for PRS/SR for patients with cirrhosis ( Figure 2 ). The ICER of PRS/SR compared to PRPI was most sensitive to the cost of PRS/SR treatment, QALY improvements assumed to occur after an SVR, the speed of fibrosis progression, QALY losses associated with moderate fibrosis (F2, F3) and cirrhosis (F4), the medical cost of DCC, the probability of an SVR for PRS/SR, and the risk reduction of HCC among people with cirrhosis who had achieved an SVR ( Figure 3A and 3B). No other parameter in the model changed the ICER by more than 5% when set to the bounds of its 95% confidence interval. The ICER of SS/SR compared to PRS/SR was sensitive to similar variables (cost of treatment, QALY losses associated with infection prior to end stage disease, the probability of an SVR, and the impact of an SVR on reducing HCC). The ICER of SS/SR compared to PRS/SR fell to $50 000 per QALY gained at a treatment cost of $136 000. Compared to NT, the ICER of SS/SR was equal to $50 000 per QALY gained at a treatment cost of $139 000. Assuming the same level of effectiveness, SS/SR cost $24 921 per QALY gained compared to PRS/SR and $31 828 compared to NT at the price of Viekira Pak, and $25 405 per QALY gained compared to PRS/SR and $35 100 compared to NT at the list price of Harvoni.
Compared to NT, treating patients at stage F0 with PRS/SR would need to cost $37 600 to achieve an ICER of $50 000 per QALY; $47 000 for treatment with SS/SR. Also as compared to NT, treating patients at stage F1 with PRS/SR would need to cost $73 000 to achieve an ICER of $50 000 per QALY; $82 000 for treatment with SS/SR.
CONCLUSIONS
Our estimates indicate that the treatment alternatives for HCV of pegylated interferon combined with ribavirin and Sofosbuvir, and the all-oral combinations of Sofosbuvir and Simeprevir increase QALYs compared to their alternatives at a cost of $47 237 per QALY gained for PRS/SR and $72 169 per QALY gained for SS/SR. During review of this article, two interferon-free combination treatments were approved for the treatment of genotype 1 HCV patients (Harvoni and Viekira Pak) with lower list prices ($94 500 and $83 319) compared to SS/ SR. Assuming an equal effectiveness for these combinations as for SS, the lower prices would result in cost-effectiveness of approximately $25 000 per QALY gained for new treatments compared to PRS/SR, and of approximately $32 000 to $35 000 per QALY gained compared to NT. Potentially lower prices would improve treatment cost-effectiveness further.
However, financing the treatment of all Americans who could benefit from antiviral therapy will be a continuing challenge given the number of individuals who are undiagnosed, untreated, or failed to respond to older treatment regimens. In addition, simply linking diagnosed patients to clinical settings in which they can be evaluated for treatment remains an ongoing challenge that is likely to reduce the potential benefits and costs of new treatments for the foreseeable future [75, 76] .
Still our estimates indicate achieving modest identification and treatment benchmarks (1.06 million chronically infected individuals) could increase QALYs by over 2.1 million, decrease deaths from HCV by over 320 000, but also increase lifetime costs. Increased costs are a function of both the unit costs of new treatments that are declining as new drugs enter the market, and also the greater number of individuals that can tolerate all-oral regimens. Given the current difficulties of linking patients to care, the incremental costs of new treatments are likely to accrue over time and may be reduced as more treatments are approved for use and insurers negotiate discounts for their plan members. Our sensitivity analyses indicate that ICER of PRS/SR compared to PRPI and of SS/SR were highly sensitive to the costs of treatment. Lower costs (especially for all-oral regimens) would increase their cost-effectiveness and alleviate financing pressures.
Our sensitivity analyses also indicate that cost-effectiveness is sensitive to the stage at which a patient is treated. Treating with SS/SR costs $173 796 per QALY gained for people with a current fibrosis status of F0 compared to only $35 884 for patients in F3. However, this finding must be understood in context of our lack of knowledge of the health and cost impacts of chronic infection prior to the development of end-stage liver disease and the limited ability to identify patients' stage of liver fibrosis without the use of biopsy.
Limitations
Our study is limited by at least the following factors. First, we made a number of assumptions regarding the utilization of new treatments. Because the number of people who will seek Figure 2 . Incremental cost-effectiveness by liver fibrosis score as measured by METAVIR score. Abbreviations: ICER, incremental cost-effectiveness ratio; PRS/SR, pegylated interferon, ribavirin and sofosbuvir for genotypes 1 and 4, and sofosbuvir and ribavirin for genotypes 2 and 3; SS/SR, sofosbuvir and simeprevir for genotypes 1 and 4, and sofosbuvir and ribavirin for genotypes 2 and 3.
care is unknown, we assumed that 25% of the population would be beyond the reach of the healthcare system. Given the current difficulties of linking identified individuals to clinical care, this number may be optimistic. To simplify estimation, we further assumed that all patients who received treatment would do so in the base year of the simulation. Compared to an alternative Figure 3 . A, Univariate sensitivity to changes in key model parameters of pegylated interferon, ribavirin, and sofosbuvir treatment for G1 and sofosbuvir/ ribavirin treatment for G2 and 3 compared to pegylated interferon, ribavirin, and protease inhibitor treatment for G1 and pegylated interferon and ribavirin for G2 and 3. B, Univariate sensitivity to changes in key model parameters of sofosbuvir and simeprevir treatment for G1 and sofosbuvir/ribavirin treatment for G2 and 3 compared to pegylated interferon, ribavirin, and sofosbuvir treatment for G1 and sofosbuvir/ribavirin treatment for G2 and 3. Univariate sensitivity analysis included all parameters from Tables 1 and 2 . Tested ranges based on the upper and lower 95% confidence interval bound for each parameter. Only parameters with a >5% impact on ICER are shown. Assumes birth cohort testing is implemented. Abbreviations: DCC, decompensated cirrhosis; ICER, incremental cost-effectiveness ratio; QALY, quality-adjusted life-year; SVR, sustained viral response. that treats all patients over time and assumes no missed opportunities to prevent disease, this limitation has the effect of making treatment appear more costly and less cost-effective as NT costs are discounted, and NT is averted due to death from non-HCV causes. Finally, we estimated the rates of interferon-based treatment uptake using data from studies prior to the inclusion of more effective agents, and made assumptions about how treatment rates would increase with interferon-free treatment. Sensitivity analyses indicate these assumptions do not have a large impact on cost-effectiveness; however, lower treatment uptake will lower the aggregate health benefits and costs reported for each scenario.
Second, our cost-effectiveness results are partially determined by the model's distribution of starting fibrosis rates which were derived from primary biopsy data from newly diagnosed patients. While, we believed these are superior to previously used simulated estimates, data on this parameter are sparse, and treatment will be less cost-effective if undiagnosed patients have milder progression. However, our sensitivity analyses estimate the cost-effectiveness of treatment at different stages of progression and indicate that treatment at earlier fibrosis stages is still moderately cost-effective compared to NT (at F1, $73 906 per QALY gained for PRS/SR, and $93 236 for SS/SR compared to NT). Updates to medical treatment guidelines call for prioritizing treatment in patients who are F1 or higher.
Our article reports an overall mortality rate of 41% among prevalent hepatitis C cases given NT, a rate higher than reported in earlier model publications [2, 21] . This higher rate of mortality results from the use of a longer time horizon in this paper (until age 100). Our model's 45-year mortality rate is identical to that from previous work [2] .
Our model excludes the treatment benefits of averting secondary transmissions. Although such benefits remain hypothetical, modeling studies suggest that treatment reduces transmission especially among people who inject drugs [77] . The limitation results in a less favorable ICER than had these benefits been included.
Finally, ICER by fibrosis stage estimates assumes that fibrosis level can be reliably ascertained in clinical settings, although performing biopsies among all patients is likely unethical. Although nonbiopsy ascertainment methods like AST/Platelet Ratio Index (APRI), Fibrosis-4 scoring, and elastography are improving, they cannot yet reliably differentiate between precirrhosis fibrosis stages.
Implications
New treatments for HCV infection have the potential to provide substantial public health benefits at a reasonable cost per patient treated. However, the high number of untreated hepatitis C patients creates financing challenges that need to be overcome.
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